Reaction constants of renin in juxtaglomerular apparatus and plasma renin activity after renal ischemia and hemorrhage. During and after total renal ischemia and acute hemorrhage, renin activity in plasma (PRA) and microdissected juxtaglomerular apparatus (JGA) of rabbits were investigated. In controls, the apparent Michaelis-Menten constant (MMC) of semipurified standard renin of rabbits was 1025 233 SD ng/ml. Plasma renin of normal rabbits showed similar values: 1062 138 SD ng/ml. Intrarenal JGA renin, however, showed a great scatter of MMC (920 to 4760 ng/ml) and a significantly higher mean value of 2572± 1156 so ng/ml (P<0.00l). After complete renal ischemia by clamping both renal arteries for a 90-mm period, the following results were obtained: 1) Sixty mm after the beginning of ischemia, PRA decreased from 20.9±9.8 SD to 7.6± 5.2 so ng/ml . hr (P< 0.05) and increased to 103, 68 and 42 ng/ml hr 10, 30 and 90 mm after removal of the clamps, respectively (P <0.05). 2) No significant change of JGA renin concentration was found 0 to 72 hr after ischemia (68.5±73.0 to 65.6±49.0; P>0.l).
and after total renal ischemia and acute hemorrhage, renin activity in plasma (PRA) and microdissected juxtaglomerular apparatus (JGA) of rabbits were investigated. In controls, the apparent Michaelis-Menten constant (MMC) of semipurified standard renin of rabbits was 1025 233 SD ng/ml. Plasma renin of normal rabbits showed similar values: 1062 138 SD ng/ml. Intrarenal JGA renin, however, showed a great scatter of MMC (920 to 4760 ng/ml) and a significantly higher mean value of 2572± 1156 so ng/ml (P<0.00l). After complete renal ischemia by clamping both renal arteries for a 90-mm period, the following results were obtained: 1) Sixty mm after the beginning of ischemia, PRA decreased from 20.9±9.8 SD to 7.6± 5.2 so ng/ml . hr (P< 0.05) and increased to 103, 68 and 42 ng/ml hr 10, 30 and 90 mm after removal of the clamps, respectively (P <0.05).
2) No significant change of JGA renin concentration was found 0 to 72 hr after ischemia (68.5±73.0 to 65.6±49.0; P>0.l).
3) JGA renin activity increased significantly as indicated by a decrease of MMC from 2620±1091 SD to 1305 SD ng/ml, 30 to 90 mm after ischemia (P <0.002). After lowering mean arterial blood pressure from 85±10 SD to 40±16 SD mm Hg by acute hemorrhage, the following findings were registered: 1) PRA rose significantly from 18.1± 10.5 SD to 81.2±35.6 ng/ml.hr (P< 0.001) and reached control values after retransfusion. 2) JGA renin concentration decreased from 89.4 42.1 so to 45.2 36.4 SD ng/100 zl . hr per single JGA (P< 0.01).
3) The MMC of JGA renin decreased from 2620±1091 SD to 1444± 358 SD ng/ml (P< 0.002). This suggests a transformation of JGA renin to a higher affinity form by these maneuvers. Our results indicate that, in addition to increased renin release into the systemic circulation, JGA renin activity is increased after renal ischemia and acute hemorrhage; this activation is not mediated by an elevation of enzyme concentration but by a decrease of MMC. (JGA) [10] [11] [12] [13] [14] [15] . The in loco generation and function of the biologically active compound angiotensin II (A-Il) within the JGA therefore should be possible [15] [16] [17] ; and, indeed, in an experimental model the activation of renin-the rate-limiting enzyme which regulates the formation of A-lI-was found to be dependent on the composition of tubule fluid at the macula densa [18] . Renin release, however, was not measured in these experiments. In other studies renin release from the JGA was found to be independent of tubule fluid composition. This was demonstrated by experiments in which renin release could be stimulated, although the macula densa signal was assumed to be interrupted by blocking glomerular filtration [19] .
The finding was interpreted in terms of baroreceptor stimulation. Finally, renin release has been found to be increased by administration of catecholamines [20, 21] or by stimulation of renal nerves [21] and inhibited by administration of A-Il, vasopressin [22] or potassium [23] , respectively. However, until now, no information has been available, which correlates renin activation in the JGA with the amount of renin released from the kidney after acute stimulation of the RAS; and the mechanisms which transform RAS-stimulating signals into increased renin activity have not yet been defined.
Our experiments therefore were performed in an attempt to analyze the activation of renin in the JGA by enzyme kinetic determinations of the reaction constants and to correlate renin concentration and renin activity in the JGA with plasma renin activity after acute stimulation of the RAS.
Acute renal failure (ARF) following total renal ischemia [24] and acute hemorrhage (AH) were regarded as reasonable approaches because PRA is elevated in both human and experimental ARF [25, 28] and during arterial hypotension [19, 29, 30] , thus indicating some form of activation of the RAS.
In order to allow for observations of an individual sequence of events, serial analyses of PRA, JGA renin concentration and reaction constants were performed in the same animal.
Our results demonstrate some form of JGA renin activation after total renal ischemia and acute hemorrhagic hypotension, characterized by a decrease of the apparent Michaelis-Menten constant (MMC).
The JGA renin activation is paralleled by an increase of plasma renin activity.
Methods
Renin substrate preparations. Renin substrate was prepared from plasma of rabbits nephrectomized 24 hr before bleeding. After nephrectomy the renin substrate concentration in plasma increased from 810± 180 SD to 2900±270 SD ng/ml, and after (NH4)2SO4 precipitation and dialysis against distilled water for 48 hr and lyophilization from 42+ 3.9 SD (protein concentration in serum, 7g/l00 ml) to 170±30 ng/mg when 220 to 300 g of (NH4)2S04 was added to 1000 ml of serum. As the final step, G-75 Sephadex gelfiltration (K 50/100) was used to concentrate renin substrate to 1000 ng/mg (expressed in terms of angiotensin I generated by addition of an excess of renin [0.5 GU/mI]). In this preparation no activity of renin, converting enzyme or angiotensinase activity was detectable [31] .
Renin. Rabbit renin (charge, 66/133) prepared according to the method of Haas et al [32] was used as standard renin. The lyophylized protein of one vial (21 mg) was dissolved in 1 ml of aqua bidest. The final concentration used was obtained by further dilution (1:20 up to 1:160) with the incubation solution. [-leyden, Germany) was used. In principle, this assay is based on the method described by Haber et al [33] , but some minor modifications were employed. The antibody showed no cross-reaction with angiotensin 11 (Hypertensin) in amounts up to 100 ng/ml or to purified renin substrate in amounts up to 4000 ng/mI (expressed as A-I). The recovery of angiotensin I added to samples of plasma renin or JGA renin (0.5 to 5 ng/ml) ranged from 92 to I02% (mean, 96±4%; N=15) during an incubation time of two hours at 37°C. This proves that angiotensin I formed during the analysis was not inactivated by angiotensinases or converted by con- In order to eliminate nonspecific antibody-binding effects, control samples were incubated at 4°C rather than 37°C [33] . Aliquots of 5 to 50 l were used for RIA. In the RIA incubation medium, pH (9.0) and temperature (4°C) were kept constant during the April, 1973 to January, 1974. In order to achieve comparable values during the entire period, three plasma pools were used as internal standards. The mean PRA in these three standard plasma pools was 1) 1.02±0.1 SD (N=°l2), 2) 2.56±0.25 SD (N=22) and 3)9.31±2.28 SD ng/ml.hr (N=l9), respectively.
The mean interassay variation coefficient was 14%. Reaction constants of plasma renin. Ten i1 of rabbit plasma (K-EDTA concentration, 3.5x 10 M) was added to 65 l of Na-phosphate buffer (200 mM; pH, 7.0) containing 0 to 500 ng of renin substrate. The concentrations of added renin substrate and of endogenous renin substrate (see Table 2 ) were expressed in terms of angiotensin I generated by incubation with renin excess (0.5 GU/mI). The final reaction volume was 85 d with a concentration of renin substrate from x to x+4000) ng/mI (x=concentration of endogenous renin substrate diluted 1:8.5). Increments in renin substrate concentration of 1:2:4:8.
were chosen. After incubation at 37°C for 60 mm, aliquots were transferred into the RIA. A quantitatively relevant (> 15 to 20%) transformation of renin substrate during this incubation period was prevented by the dilution of plasma renin (1:8.5). In practice, this means that the reaction velocity was constant during incubation time, being determined at the initial substrate concentration [34] . Therefore, initial reaction velocities were measured and a simple MichaelisMenten equation could be used for the determination of MMC [33] [34] [35] . Data were plotted according to Lineweaver-Burk, and MMC as well as Ymax were calculated by linear regression.
Determination of renin concentration and reaction constants ofJGA renin. All samples were incubated in a 200 m Na-phosphate buffer. At this ional concentration, generation velocity of angiotensin is maximal and remains constant [37] . Measuring the reaction velocity of JGA renin and homologous renin substrate at different pH's, the reaction velocity was found to be maximal at pH 7.0 ( After mixing, centrifugation and incubation at 37°C for a period of 60 mm, the samples were heated to 100°C for 10 mm, centrifuged and tested by rat bioassay. Renin concentrations were calculated by multiplying the measured values times the dilution factor (3.3) and expressed in ng of angiotensin/l00 hr per single JGA.
In order to measure reaction constants of JGA renin, JGA's exhibiting sufficiently high renin concentrations were diluted with buffer to a total volume of 150 (or 220) l. The following incubation mixture surface; the dissection was performed without prior bolus injection of Latex or dye into the blood vessels [11, 15] . A stereomicroscope (Fa. Leitz, Germany, magnification 80 to 160) was used and the temperature of the tissue sample was kept constant at + 2°C.
During a maximal dissection time of 45 mm, the sample was illuminated by a fiber glass optic system.
immediately after dissection, the single glomeruli were aspirated into small pipettes and transferred into precooled vials. Two hundred m Na-phosphate buffer of pH 7.0 was added (100 l per one JGA) and the samples were kept deep-frozen at -25°C until assaying. Liberation of intracellular enzyme was achieved by freezing and thawing according to the method of Brown et al [11] .
in addition, specimens containing four to ten gbmeruli have been investigated. This procedure was performed to exclude artefacts caused by the dissection method.
Renal ischemia. In 14 rabbits anesthetized with pentobarbital i.v. (Nembutal, 40 mg/kg of body wt), both renal arteries were clamped for 90 mm. Both ureters and renal veins remained untouched. Arterial blood pressure was recorded in the femoral artery using a Statham element. From a femoral vein catheter, blood samples were drawn into precooled EDTAcontaining tubes. The samples were centrifuged at + 4°C and the plasma was stored at -25°C until it was assayed for PRA. PRA was measured before (control) and after clamping the renal arteries for 60 mm.
After clamp removal, additional PRA determinations were done (10, 30, 90 and 270 mm as well as 24, 48 and 72 hr later). Tissue samples were obtained by open biopsy before and during ischemia as well as 30 mm, 90 mm, 24 hr and 72 hr after isehemia. Single JGA's were dissected and stored as described above. Thus, both plasma and JGA renin samples were frozen and thawed once and the assay procedure was the same for plasma and JGA rerun. Acute arterial hemorrhage. In four rabbits, 60 to 90 ml of blood (i.e., 30 to 40% of their total blood volume) was removed during 30 to 45 mm via puncture of the femoral artery while blood pressure was recorded continuously. PRA was determined repeatedly during hemorrhage and after retransfusion. Immediately before hemorrhage (control) and five minutes after reaching the lowest blood pressure hemorrhage), biopsy specimens were taken for microdissection as described above.
Statistical treatment of data. Results are expressed as means (SD). Statistical analysis of the data was performed using Wilcoxon's two-sample test [38] .
Results
Determination of reaction constants of standard renin and of renin in plasma and JGA's of normal rabbits. To control both assay variation and methodological error, the reaction constants of a standard renin preparation were determined in the same way as JGA renin (see Methods). The MMC calculated from Lineweaver-Burk plots was 1025 233 SD ng/mI. Thus, the assay variation of this method was 22%. Table I gives the results of four determinations. The mean values SD calculated for one renin concentration and the theoretical curve characterizing the substrate dependency of the angiotensin formation rate are shown in Fig. 2 . The mean MMC of plasma renin was 1062 138 SD ng/ml and was not significantly different from values obtained using standard renin. PRA was in the range of 17.5 to 31.0 ng/ml.hr, and the endogenous renin substrate concentration in plasma was found to be between 730 and 940 ng/ml (see Table 2 ). JGA's from four control animals were determined (see Table 3 ). The mean MMC was 2572± 1156 SD ng/ml and, thus, significantly above those obtained both from plasma renin and standard renin (P< Fig. 4 ). Parallel determinations of JGA renin concentration of 44 single JGA's of four normal rabbits both by bioassay and RIA gave identical values (r=0.99; y= 1.lx +2.4) (see Fig. 5 ). Ischemia. During total renal ischemia PRA decreased in accordance with the well-known biological t4-value of plasma renin. After removal of the clamps, PRA increased immediately from 7.6±5.2 SD to 102±84 SD ng/ml. hr (P <0.05) and reached values not significantly different from controls after 24 hr (Fig. 6 ).
Despite animal variation with respect to the absolute value (height) of intrarenal renin concentration, no significant change during and after ischemia could be detected (Fig. 7) . In contrast, the MMC of JGA renin during total renal ischemia decreased from 2620 1091 SD to 1586+ 538 SD and 1305 SD ng/ml between 30 and 90 mm after ischemia, respectively (P <0.002).
Seventy-two hours after ischemia, an increase to 1970± 273 SD ng/ml was seen (P<0.Ol) (see Fig. 8 ).
Thus, an activation of JGA renin after renal ischemia is demonstrated. The values of all determinations of the reaction constants of JGA renin are summarized in Table 4 .
Hemorrhage. Under conditions of controlled arterial hypotension by hemorrhage (mean arterial blood MMC decreased from 2620±1091 sDto 1444± 358 SD ng/ml (P <0.002) (Fig. 9 , Table 4 ).
The correlation between the Michaelis-Menten constants, KM, and the maximal reaction velocities, Vmax, under control conditions on one hand and the corresponding values after complete renal ischemia and hemorrhage on the other is shown in Fig. 10 . Again, the changed kinetics of the renin/renin sub- Weber et al did not show a significant difference (see Fig. 4 ). Parallel determinations (bioassay vs. RIA) yielded identical results, indicating that only A-I was formed during the incubation time (Fig. 5 ). Therefore, it was possible to compare renin values obtained by these two methods without correction. The renin substrate concentration of 5000 ng/ml used to determine JGA renin concentration provides a substrate excess even for the highest renin concentrations found [35] . This can be concluded from the observation that at mean KM values of 2600 to 1300 ng/ml, a substrate concentration of 5000 ng/ml gave reaction velocities approximately 90% of those measurable at a substrate concentration of 10,000 ng/ml. This is in agreement with earlier data obtained with rabbit renin [39] .
Moreover, Vmax values calculated from LineweaverBurk plots (see Table 4 ) did not differ from those measured at a substrate concentration of 5000 ng/ml (see Fig. 7 ).
The precision of PRA analysis by radioimmunoassay was determined by measuring the variation coefficient within three different ranges of the standard curve. The variation coefficient was between 10 and 20%, and on the average, 14%. Therefore, the absolute values of the determinations of PRA during the period of the experimental series were compared without correction.
For the Michaelis-Menten constant, the term "apparent MMC" was used because renin was not studied in a purified form [35] . On the other hand, the aim of the study was not to determine absolute values for reaction constants of renin. Rather, the purpose was to compare these constants for "untreated" renin •o In order to evaluate the accuracy of the method used to measure reaction constants of renin, serial analyses of a standard renin preparation were performed using the bioassay method. The MMC obtained was 1025±233 SD ng/ml; the inherent error, 22%. This allows for measurements of biologically relevant changes of enzyme characteristics (see Fig.   2 and Table 1 ).
It should be emphasized that MMC's of plasma renin of normal rabbits (KM: 1062 138 SD) and those of standard rabbit renin (1025 233 SD ng/ml) were identical within the limits of error of the method (see Tables 1 and 2 ). Therefore, it seems that active plasma renin is present in a uniform configuration at pH 7.0 [30] , possibly similar to that of semipurified kidney renin, which is acidified during extraction [32] . A quantitative comparison of the reaction constants shows that the mean MMC of the JGA renin is significantly higher than that of plasma or standard renn (P<0.00l)(K1: 2620± 1091 SD vs. 1062± 138 SD and 1025 233 SD ng/ml, respectively).
In an attempt to interpret this significant difference, at least two explanations may be considered: 1) Within the JGA, renin might exist in different forms of configuration characterized by various reaction constants. Thus the differing MMC's of renin from single JGA's under control conditions may be the net effect of varying amounts of a more active form of renin vs. a more inactive one, an interpretation that can be supported by data in the literature: Extraction of renin from kidneys under "extremely gentle conditions" [40] gives results compatible with the existence of two forms of renin, characterized by different physico-chemical and biological properties. 2) In addition to renin, other substances may be liberated from the JGA or surrounding tissue during the process of cell destruction by freezing and thawing, and may interfere with the physiological renin/renin substrate reaction.
These substances could be either of biological significance or artefacts with no biological relevance but with an influence on the renin/renin substrate reaction in vitro [41] [42] [43] [44] .
If, however, in two different experimental models, a directed change of MMC can be detected after stimulation of the renin-angiotensin system, artefacts influencing the renin/renin substrate reaction appear to be unlikely (Figs. 8, 9 and 10) . Total renal ischemia leading to acute renal failure [241-and hemorrhagic hypotension [19, 29, 30] are both known to affect the renin-angiotensin system. During arterial hypotension, renin activity in peripheral plasma is increased [19, 29, 30] and total renal ischemia is followed by an increase of PRA [24] .
The data presented here indicate that after renal ischemia and during hypotension the increase of intrarenal renin activity is caused by an activation of renin, characterized by a decrease of the MMC. Despite the wide scatter of individual renal renin concentrations (see also [3, 11, 13, 15] ), the data clearly indicate that JGA renin is activated in the absence of a significant change in its concentration.
The increase of PRA-measured at pH 7.0-after renal ischemia and acute hemorrhage confirms results of others [19, [25] [26] [27] [28] [29] [30] and may be explained by increased renin release (see Figs. 6, 7 and 9) . At the same time, renin concentration in the JGA remained unchanged (total renal ischemia) or decreased (acute hemorrhage). This difference may suggest that during acute hemorrhage a preform of renin (vide infra) is released from the JGA, resulting in a decrease of JGA renin concentration. This assumption is also supported by data in the literature [30] : In dogs the release of a preform of renin was found to be markedly increased after stimulation of the RAS by hemorrhage; the authors concluded that stimulation of /3-receptors may be responsible for this effect. Since we found renin concentration in the JGA to remain unchanged after total renal ischemia, one may conclude that such impulses are not operative in the postischemic condition.
An interference with pseudorenin [46] which has a pH optimum of 4.5 and reacts-in contrast to reninvery poorly with native renin substrate but well with the synthetic tetradecapeptide substrate seems unlikely because in our analyses a pH of 7.0 and the native renin substrate were used. The mechanism(s) leading to the activation of the JGA renin are unknown, but two-as yet hypothetical -explanations should be mentioned: 1) The activation of renin may be produced by transformation of a less active form into a more active one, indicated by a decrease of the MMC. This transformation may also take place under anaerobic conditions, i.e., under conditions of decreased energy supply [47] . In vitro this transformation seems to be reproducible artificially by acidification down to pH 2.5 [40] .
2) The decrease of the MMC after renal ischemia or acute hemorrhage may result from a decrease in inhibiting factors [41] [42] [43] [44] or an increase in activating factors of JGA renin.
Analyses of reaction constants of renin in enriched subcellular structures and analyses of renin release kinetics are needed for further clarification and a more precise characterization of the biochemical steps involved [48] .
